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(54) Field-effect transistor and method of producing the same 



(57} Si and SiGeC layers are formed in an NMOS 
transistor on a Si substrate. A earner accumulation layer 
is formed with the use of a discontinuous portion of a 
conduction band present at me heierointerface between 
the SiGeC and Si layers. Electrons travei in this carrier 
accumulation layer serving as a channel in the SiGeC 
layer, the electron mobility is greater than in silicon, thus 
increasing the NMOS transistor in operational speed, in 
a PMOS transistor, a channel in which positive hoies 



travei, is formed with the use of a discontinuous portion 
of a valance band at the interface between the SiGe and 
Si layers. In the SiGe layer, too. the positive hoie mobii- 
ity is greater than in the Si layer, thus increasing the 
PMOS transistor in operationai speed. There can be 
provided a semiconductor device having fiefd-effeet 
transistors having channels lessened in crystal defect. 
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Description 

Background: of the invention 

The present invention relates to a semiconductor s 
device, and more particularly to a semiconductor device 
having a heterojunction field-effect transistor using a 
SiQeC or SiGe layer, and to a method of producing this 
semiconductor device. 

Recently, high integration of a semiconductor 
device is under way. It is even intended to miniaturize a 
MOS transistor in which a gate length is below 0.1 ,um. 
in such u!tra-miniatunzation, however, the current driv- 
ing ability is saturated due to the influence of a short 
channel; effect or an increase in resistance component. 
Thus, there cannot be expected such improvements in 
performance that have hitherto been made in particu- 
lar, to increase the driving ability of a miniaturized MOS 
transistor, it is important to improve the mobility of carri- 
ers in a channe! and to tower a source-drain electrode in 
contact resistance. 

In view of the foregoing, there has been proposed, 
instead of a complementary semiconductor device 
{CMOS device) formed on a silicon substrate, a heter- 
ostructore CMOS device {hereinafter referred to as an 
HCMOS device) using Si/SiGe (mixed crystai of the IV- 
famiiy elements) The HCMOS device utilizes, as a 
channel, the interface of a heterojunction structure of 
too Ninds of semiconductors different in band gap from 
each other, instead of the Si/SiOg interface. By using 
Si/SiGe capable of providing a carrier mobility higher 
than that provided by Si, it is expected to achieve a tran- 
sistor higher in operational speed. By controlling the 
composition of Si/SiGe, it is possible to form, on a Si 
substrate, an epitaxial growth layer having the desired 
amount of strain and the desired value of band gap. 
Ismail of tie ISM company has conducted basic experi- 
ments on improvements in characteristics of an 
HOMOS device of the Si/SiGe type {See K femati, 
"Si/SiGe High Speed Field-Effect Transistors", IE DM 
Tech. Dig. 1995, p509 and MA. Armstrong el ai, 
"Design of Si/SiGe Heterojunction Complementary 
Metal -Oxide Semiconductor Transistors ", 1EDM Tech. 
Dig. 1995, p761). 

Fig, 15 is a section view of an example of this 
HCMOS device. As shown in Fig. 15. there is formed, 
on a portion of a Si substrate 101 , a field-effect transis- 
tor comprising source-drain regions 109, a gate insulat- 
ing iayer 107 and a gate electrode 1 10. Formed in a so- 
called channel region between the source-drain regions 
under the gate electrode 110 are a SiQe buffer layer 
102, a 5 doped layer 115. a spacer iayer 103, an i-Si 
iayer 104, an i-SiGe iayer 105 and an i-Si layer 106. in 
these layers, the SiGe buffer iayer 102 gives tensife 
strain to the i-Si iayer 104 tor forming an n-channe! iayer 
1 1 2 between th e $ . i> & 1 02 and the i-Si layer 

104. In the SiGe buffer iayer 102, the Ge composition 
rate is gradually changed such that the Ge composition 



rate in that portion of the iayer 102 immediately above 
the Si substrate 101 is equal to 0 %, while the Ge com- 
position rate in the top portion of the iayer 102 is equal 
to 30%, 

When a negative bias voltage is applied, the n- 
channei iayer 112 is formed on the heferoiniertace 
between the i-Si layer 104 and the SiGe buffer iayer 102 
thereunder. The 5 doped iayer 115 ts arranged to supply 
eiectrons serving as carriers to the n-channe! iayer 1 12 
which is tormed on the 6 doped iayer 115, The spacer 
iayer 103 is arranged to spatially separate the ions in 
the 5 doped iayer 1 1 5 formed beiow the spacer layer 
103, from the n-channe! !ayer US formed on tie spacer 
iayer 103. thus preventing the carrier mobility from 
being lowered due to ion scattering. 

On the other hand, when a positive bias voltage is 
applied, a p-channeS layer 11 1 is formed, at the side of 
the i-SiGe layer 105, on the heterointerface between the 
i-SiGe layer 105 and toe i-Si layer 106 thereon. The 
gate insulating layer 107 is formed to insulate the gate 
electrode 110 from toe p-channe! iayer 111. 

As discussed in the foregoing, the heterojunction 
fieid-effect transistor is characterized in that a channel is 
formed on the hetetointerface between two kinds of 
semiconductor layers different in band gap from each 
other. Accordingly, to form a channe!, there are Inevita- 
bly present at least two kinds of semiconductor layers 
different in band gap from each other. In addition, to 
form, in semiconductor layers, a channe! in which eiec- 
trons or positive hoies move at a high speed, it is 
required to form, at the heterointerface, a discontinuous 
portion of a conduction or valence band, in the Si/SiGe 
type above-mentioned, the i-SiGe iayer 105 has a dis- 
continuous portion in the valence band with respect to 
toe i-Si layer 10S, thus forming a channel for positive 
hoies (See the left portion of Fig, 15). However, the con- 
duction band hardly has a discontinuous portion. 
Accordingly, tensile strain is induced in the i-Si layer 104 
such that a discontinuous portion is formed Irs the con- 
duction band at toe heterointeffHce between i-Si layer 
104 and toe i-SiGe iayer 105 {See the right portion of 
Rg. 15}. 

According to a simulation, it is estimated that, as 
compared with a conventional CMOS device In the 
same size using a Si/SI0 2 channe!, the HCMOS device 
having the arrangement above-mentioned achieves an 
operation at double the speed with a ha if power con - 
sumption. More specifically, this is a semiconductor 
transistor in which a Si semiconductor is combined with 
a SIGe mixed crystal to form a heterointerface and in 
which there is formed a channel in which carriers are 
mobile at a high speed. Thus, attention is placed to this 
Mmfconductor transistor as a transistor capable of 
achieving both a high-speed operation utilizing a heter- 
ojunctson and large-scale integration of a MOS device. 

A heierojuncticn device utilizing a mixed crystal of 
the iV-famiiy elements such as SiGe is expected as 
means for overcoming the functional limit of a CMOS 
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device of prior art. Due to the difficulty in production, 
however, a heterojunction field-effect ttansistor using a 
mixed crystal of the iV-famsiy elements represented by 
S:Gs is behind in research and development as com- 
pared with a heterojunction bipolar transistor which is a 
hetefodevtes similarly using a mixed crystal such as 
SiGe, Thus, it cannot be stated that studies have suffi- 
ciency be made on the structure capabfe of providing 
performance as expected and on the method of produc- 
ing such structure. 

Further, in a heterojunction field-effect transistor 
having a so-called heterojunction MOS structure having 
an insulating layer between a gate electrode and a sem- 
iconductor layer as above-mentioned, a stabie and good 
insulating layet cannot be formed in the SiGe iayer. 
Accordingly, an oxide layer of Si0 2 is used as a gate 
insulating layer. It is therefore required that a Si layer is 
always present immediately below the gate insuiating 
layer. However, Si is characterized in that its band gap is 
always greater than the band gap of SiGe. This is disad- 
vantageous In the above-mentioned HCMOS device of 
prior art as set forth below. 

Firstly, to form an eiectron channel on the Si sub- 
strate 101, tensile strain is induced in the t-Si layer 104 
to form a band discontinuous portion at the Si/SiGe het- 
erointerface. However, the lattice constant undergoes a 
change to induce dislocation due to lattice relaxation. 

Fig. 16 is a section view illustrating the SiGe buffer 
layer 102 and the i-Si layer 104 thereabove, as picked 
out from Fig. 15. Since the i-Si layer 104 is smaller in lat- 
tice constant than the SiGe buffet layer 102, tensife 
strain will be accumulated at the stage of crystal growth. 
When such accumulation becomes great, this results in 
dislocation in the i-Si layer 104 as shown in Fig. 16. 
Thus, dislocation or line defect is inevitably induced by 
strain due to lattice misfit between the i-Si iayer 104 and 
the SiGe buffer layer 102. Setting apart from the Initial 
characteristics of a transistor utilizing such a crystal, it is 
considered that the reliability and iife-time of the transis- 
tor are influenced by the deterioration in characteristics 
due to the growth of dislocation in the crystal. 

The SiGe buffer layer 102 made of SiGe greater in 
lattice constant than Si is laminated on the Si substrate 
101 and tensile strain is accumulated in the i-Si layer 
104 which is grown on the SiGe buffer layer 102. As the 
thickness of the SiGe buffer layef 102 is increased, the 
thickness exceeds the critical thickness in which the lat- 
tice constant of the SiGe buffer layer 102 is changed 
from the lattice constant of Si to the original lattice con- 
stant of SiGe. This produces lattice relaxation, causing 
defects such as dislocation or the like to be induced also 
in the SiGe buffer layer 102, 

There are Instances where such defects do not 
exert a significant influence on the initial characteristics 
of the transistor fn view of long-term reliability and life- 
time, however, such defects involve a possibility of a 
serious trouble being caused. More specifically, the 
transistor is deteriorated due to the growth of defects by 



an electric current or the diffusion of metal or impurity 
through thedefeds, thus possibly causing the transistor 
to be lowered in reliability. 

Secondly, a heterojunction field-effect device using 

s a mixed crystal of the I V-fami!y elements represented by 
SiGe Is effective as a transistor structure capable of 
overcoming the performance limit of a miniaturized 
CMOS device of prior art. At this point of time, however, 
studies on optimization of the contact of each source- 

10 drain electrode have not sufficiently been done as com- 
pared with studies on improvements in channel mobility 
Thus, the structure cannot fake full advantage of such 
high-speed mobility, in the iBJvFs heterojunction CMOS 
device technology mentioned earlier, too, detailed stud- 

is tes have been made on improvements in mobility of a 
channel region, but studies have hardly been made on 
reduction in resistance of the contact of each source- 
drain electrode which is another important factor for 
improvement in performance of a miniaturized transis- 

zo tor. 

More specifically, in a CMOS device structure using 
a single crystal of Si, a variety of studies have been 
made on the structure of the contact region of the sub- 
strate connected to a source-diain electrode. However, 
26 studies are required as to whether or not the contact 
region structure arid its production method which are 
optimized for a general CMOS device, are also good for 
a heterojunction field-effect device different in transistor 
structure. 

30 

Summary of the invention 

It is a first object of the present invention to provide 
a semiconductor device high in carrier mobility and reii- 

35 ability in which there is utilized, as a structure in a chan- 
nel region under a gate of an HCMOS device, a 
heterojunction structure in lattice fit or substantially in 
lattice fit, yet having a band discontinuous portion where 
a carrier accumulation layer can be formed. 

4o it is a second object of the present invention to pro- 
vide a semiconductor device having contact regions low 
in contact resistance without excellent characteristics of 
a heterostructure field-effect device injured, and to pro- 
vide a method of producing the semiconductor device 

is above-mentioned. 

To achieve the first object, the present invention 
provides a first semiconductor device, a second semi- 
conductor device and a first semiconductor device pro- 
ducing method, 

55 To achieve the second object, the present invention 
provides a third semiconductor device and a second 
semiconductor device producing method. 

The first semiconductor device according to the 
present invention comprises a field-effect transistor 

ss which is formed on a portion of a semiconductor sub- 
strate and which comprises a gate electrode, source- 
drain regions and a channel region between the source- 
drain regions, and the channel region comprises: a Si 
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iayer; a Si t . x ./3%Cy layer (0«x51, 0<ysi) which is 
formed as coming in corttaci with She Si layer and in 
which the composition rate y of C is in the range from 
Q.01 to 0.03; and a carrier accumulation layer formed in 
thai portion of the Si^yGe^Cj, iayer which is adjacent $ 
io the Si iayer. 

At the interface between the Si iayer and the Si<, x . 
y Qe K C y iayer in which the composition rate y o< C is in 
the range from 0.01 to 0.03, there can be formed a band 
discontinuous portion required for forming a carrier v: 
accumulation iayer in which carriers are two-dimension- 
ally confined. Since this carrier accumulation layer func- 
tions as a channei, there can be obtained a fiefd-effect 
transistor high in operational speed in which the Si, „ 
y Ge x C v layer giving a higher carrier mobility than in the is 
Si iayer. serves as a channel Further, control can be 
made such that lattice misfit between the Si^ x , y Ge s C y 
layer and the Si layer does not occur or is minimized, it 
is therefore possible to make an adjustment such that 
lattice strain is not induced or substantially not induced, so 
This enables the Si 1 , x .yGe,.Cy iayer to be fa med with no 
crystal defect induced therein. Thus, a highly reiiabie 
semiconductor device can be obtained. 

According to the present invention, the con-position 
rates of the respective elements in the Si^Ge^Cy 25 
layer may be adjusted such that the Si lAX .yGe x C y iayer 
and the Si layer are fitted in iattice for each other. 

This enables a channel to be formed in the Si,.*. 
3e x ( ay - free fi om strain due to iattice misfit. Thus, 
a highly reliable semiconductor device can be obtained, so 

According to the present invention, provision may 
be made such that the Sit-x-yG^Cy layer has a lattice 
constant smaller than that of the Si layer and has such 
a thickness as to induce no lattice relaxation. 

With the arrangement above-mentioned, tensile ss 
strain is induced in the Sh^yGexCy layer. This 
increases the amount of a band discontinuous portion 
with respect to the Si iayer. thus enhancing the carrier 
confining efficiency. 

According to the present invention, carriers accu- 4c 
mulated in the carrier accumulation iayer may be nega« 
five. 

According to the present invention, a carrier suppiy 
iayer for supplying carriers to the carrier accumulation 
layer is preferably formed in that portion of the Si layer 
which is adjacent to the Si^Ge^Cy layer. 

Preferably, the present invention is arranged such 
that carriers accumulated in the carrier accumulation 
layer are negative, that there is formed another field- 
effect transistor which is formed on other portion of the so 
semiconductor substrate and which comprises a gate 
electrode, source-drain regions and a channel region 
between the source-drain regions, and that the channel 
region of another fieid-eflect transistor comprises: a 
second Si layer; a SiGe layer formed adjacent to the ss 
second Si iayer; and a second carrier accumulation 
layer for accumulating positive carriers, which is formed 
in that portion of the SiGe iayer adjacent to toe second 



Sifayef. 

With the arrangement above-mentioned, there can 
be obtained a semiconductor device functioning as an 
HCMOS device which assures a high carrier mobility in 
each of the n-channe! and p-chanrte! sides. 

According to the present invention. She St-t^Ge^Cy 
or SiGe layer may be a quantum well region. 

With the anangement above-mentioned, there can 
be obtained a field-effect transistor having a channel 
high in carrier confining efficiency. 

According to the present invention, each of tie 
source-drain regions may comprise a first semiconduc- 
tor iayer and a second semiconductor layer greater in 
band gap than the first semiconductor iayer, and there 
may further be formed source-drain contact layers each 
of which is made of a conductive layer low in resistance 
and each of which is formed immediately above the first 
semiconductor iayer. 

With the arrangement above-mentioned, a semi- 
conductor device low in contact resistance can be 
obtained even with the use of a heterojunction structure. 

The second semiconductor device according to the 
present invention comprises: a field-effect transistor 
which is formed on a portion of a semiconductor sub- 
strafe and which comprises a gate electrode; source- 
drain regions; and a channel region between the 
source-drain regions, and the channel region com- 
prises: a first Si layer; a first $i,. x . v .Ge x G y layer (0SxS1, 
0<yst) which is formed as coming in contact with the 
first Si layer; a second Si iayer; a second Si-t.^yGexCy 
layer fpsxsi , osys f) which is formed as coming in con- 
tact with the second St iayer and which is different in 
band gap from the first Si Vs ,y.Ge x C y layer ; and first and 
second earner accumulation iayers for respectively con- 
fining different conductive carriers, these first and sec- 
ond carrier accumulation layers being respectively 
formed in that portion of the first Siv^GexCy layer 
which is adjacent to the first Si layer and in that portion 
of the second Si< x yGe^Cy layer which is adjacent to toe 
second Si iayer. 

According to the arrangement above-mentioned, 
there can be obtained a semiconductor device function- 
ing as an HCMOS device having n-channei and p -chan- 
nei field-effect transistors each having a channei high 
not only in carrier confining efficiency but also in opera- 
tional speed. Further, control can be made such that lat- 
tice misfit between the first Si^.yGexCy layer and the 
first Si layer does not occur or is minimized. This ena- 
bles the first Si-^yGexGy iayer to be formed with no 
crystal defect induced therein. Thus, a highly reliable 
semiconductor device can be obtained. 

According to the present invention , the composition 
rate y of G in the second Si^yGe^Cy layer may be 
equa! to 0. 

According to the present invention, there may fur- 
ther be disposed a MOS transistor which is formed on 
the semiconductor substrate and in which a semicon- 
ductor layer formed of a single element serves as a 
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Channel region. 

With the arrangement above-mentioned, a transis- 
tor provided in the channel region thereof with the first 
S^x-yO^Cy layer may be used for a circuit requiring a 
high operational speed, and a usual MOS transistor 
may be used for other circuit, thus enabling the applica- 
ble range of the semiconductor device to be enlarged. 

According to the present invention, provision may 
be made such that the first Sij .< y Ge,<C y layer has a lat- 
tice constant smaller than that of the first Si layer and 
has such a f hickness as to induce no lattice relaxation. 

With the arrangement above-mentioned, tensile 
strain ts induced in the first St, „y<3e x C y layer. This 
increases the amount of a band discontinuous portion 
with respect to the first Si layer, thus enhancing fhe car- 
rier confining efficiency. 

According to the present invention, a carrier supply 
layer for supplying carriers to the first carrier accumula- 
tion layer is preferably formed in that portion of the first 
Si layer which is adjacent to the first ^.^yQe^Cy layer. 

The third semiconductor device according" to fhe 
present invention comprises at least one field-effect 
transistor formed on a semiconductor substrate, and 
this field-effect transistor comprises: a channel region 
comprising a first semiconductor iayer including a Si ( . x . 
y Qe x Cy layer (Osxsi, 0s?ys1). a second semiconductor 
layer different in band gap from the first semiconductor 
layer, and a carrier accumulation layer formed in the 
vicinity of the interface between the first and second 
semiconductor layers; source-drain regions each com- 
prising: a third semiconductor layer and a fourth semi- 
conductor layer greater in band gap than the third 
semiconductor iayer, and source-drain contact layers 
each of which is made of a conductive iayer, each of 
which is low in resistance and each of which is formed 
immediately above the third semiconductor iayer. 

The arrangement above-mentioned can lower the 
resistance of a contact with respect to each source- 
drain region in the field-effect transistor high not only in 
carrier mobility but also in operational speed with fhe 
use of a heterojunctfon structure. 

The present invention may be arranged such that 
the first semiconductor iayer also serves as the third 
semiconductor layer, that the second semiconductor 
layer also serves as the fourth semiconductor layer, and 
that fhe second semiconductor layer is formed on the 
first semiconductor iayer. 

The present invention may be arranged such that 
the first and third semiconductor layers are respectively 
formed by different semiconductor layers, that the third 
semiconductor layer is formed on the first semiconduc- 
tor layer, and that the fourth semiconductor layer is 
formed on the third semiconductor layer. 

The first semiconductor device producing method 
according io ih« Sio i, provides a method of 

producing a semiconductor device including an n-ehan- 
nsi field-effect transistor and a p-channei field-effect 
transistor, and comprises: a first step of forming, on a 



semiconductor substrate, a first Si layer and a first Sh, x , 
j.GexCy layer {OSxsi, 0<ysi) which comes in contact 
with the first Si layer and: in which a f irst carrier accumu- 
lation iayer serving as a channel of the n-channef f teid- 

s effect transistor is formed in that portion of fhe first Sh . 
^.Qe^Cy layer which is adjacent to the first Si iayer; a 
second step of forming, on the semiconductor sub- 
strate, a second Si layer and a second Si . . y . v Ge x C y 
layer {Qsxsl, osySf) which comes in contact with the 

to second Si layer, which is different in band gap from the 
first Si, . x ..Ge^Cy layer and in which a second earner 
accum: flat - . i ng as a channel of the p-chan- 
nei field-effect transistor is formed in that portion of tie 
second Si^-yG^Cy teyer which is adjacent to the see- 
rs ond Si iayer; a third step of depositing a conductive 
iayer on the first or second Si^yGexC, iayer whichever 
is the upper, and patterning the conductive layer to form 
the gate electrodes of the n- and p-channei field-effect 
transistors; and a fourth step of introducing, with tie 

so gate electrodes of the field-effect transistors used as 
masks, (i) n-type impurity into the n-channef field-effect 
transistor forming region in depth which teaches at least 
the first carrier accumulation layer and {IS) p-type impu- 
rity into the p-channel field-effect transistor forming 

2s region in depth which reaches at ieast the second car- 
rier accumulation layer, thus forming source-drain 
regions of the n- and p-channe! field-effect transistors. 

According to the method above-menfioned, fhe 
second semiconductor device of the present invention 

so can readily be produced. 

The second semiconductor device producing 
method of the present invention provides a method of 
producing a semiconductor device which has a first 
semiconductor layer including a Sk x . y Ge<C v layer 

S5 {Osxsl, Qsysi), a second semiconductor tayer differ- 
ent in band gap from toe first semiconductor layer- and a 
carrier accumulation iayer serving as a channel formed 
in the vicinity of toe interface between the first and sec- 
ond semiconductor layers, and which serves as a field- 

4o effect transistor, and this second semiconductor device 
method comprises: a first step of successively forming, 
on a field-effect transistor forming region of a semicon- 
ductor substrate, a third semiconductor layer and a 
fourth semiconductor iayer greater in band gap than toe 

is third semiconductor layer ; a second step of depositing a 
conductive layer on fhe fourth semiconductor layer and 
patterning the conductive layer to form a gate electrode; 
a third step of introducing impurity into those portions of 
the fieid-effect transistor forming region which are 

55 located at both lateral sides of the gate electrode, thus 
forming source-drain regions, the impurity being intro- 
duced in depth which reaches at ieasf the carrier accu- 
mulation layer; a fourth step of etching the fourth 
semiconductor layer in the source-drain regions until at 

ss least the third semiconductor layer is exposed; and a 
fifth step of forming, on the exposed surface of the third 
semiconductor layer, source-drain contact layers made 
of conductive layers iow in resistance. 
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According to the method above-mentioned, the 
third semiconductor device of the present invention can 
readily be produced. 

According to the present invention, the fourth step 
is preferably executed under etching conditions in which 
the etching selectivity tor the third and fourth semicon- 
ductor layers is high. 

Brief Description of the Drawings 

Fig. 1 is a section view iliustrating the structure of a 
SiGeC HCMOS device according to a first embodi- 
ment of the present invention: 
Fig. 3 is a view illustrating the dependency of lattice 
strain of the SiGeC layer in the HCMOS device in 
Fig. 1 upon Ge and C concentrations; 
Fig. 3 is a view iusfraiing the relationship among 
Si, Ge, C concentrations which produce a lattice fit 
or tensile strain between the SiGeC layer and the Si 
layer in the SiGeC HCMOS device in Fig. 1 ; 
Fig. 4 is a view illustrating the relationship between 
an energy gap value and Ihe C composition rate in 
the SiGeC layer in the HCMOS device in Fig. 1 ; 
Fig. 5 {a} to Fig. 5 {f} are section views illustrating 
the steps of producing a semiconductor device 
according to the first embodiment of the present 
invention; 

Fig. 6 (a) to Fig. 6 (c) are views illustrating the rela- 
tionships between strain due to lattice misfit and the 
composition of the SiGeC layer of a second embod- 
iment of the present invention; 
Fig, 7 is a view illustrating the band lineup in a lat- 
tice-fit SiGeC HCMOS device of the second 
embodiment of the present invention; 
Fig. 8 is a section view illustrating fhe structure of 
an HCMOS device having channels each in a quan- 
tum well structure according to a third embodiment 
of the present invention; 

Fig. 9 (a) to Fig. 9 (f) are section views illustrating 
the steps of producing a semiconductor device 
according to the third embodiment of the present 
invention; 

Fig. 10 is a section view illustrating the structure of 
an HCMOS device according to a fourth embodi- 
ment of the present invention; 
Fig, 1 1 (a) to Fig. 1 1 (e) are section views illustrat- 
ing fhe first half of the steps of producing the 
HCMOS device according to the fourth embodi- 
ment of fhe present invention; 
Fig, 12 (a) to Fig. 12 (e) are section views illustrat- 
ing the second half of the steps of producing the 
HCMOS device according to the fourth embodi- 
ment of the present invention; 
Fig. 13 is a section view illustrating the structure of 
an HCMOS device according to a fifth embodiment 
of the present invention; 

Fig. 14 is a section view illustrating the structure of 
an HCMOS device according to a sixth embodi- 



ment of the present invention; 
Fig. 15 is a section view illustrating the structure of 
an HCMOS device of prior art; and 
fig. 16 shows defects induced in a heteroirtterface 
s of the HCMOS device of prior art in Fig. 15, the 
defects including dislocation or the like produced by 
strain doe to lattice misf it. 

Detailed Description of Preferred Embodiments 

Br^irnb^iment 

An HCMOS device according to a first embodiment 
of the present invention is a field-effect transistor unit 

is which uses a three-element mixed crystal of SiGeC 
comprising C added to SiGe/Si, in which the SiGeC 
layer and the Si layer are substaniiaify fitted in lattice for 
each other, and in which a band discontinuous portion is 
formed at a heteroirtterface due to a difference in band 

sc gap energy. 

Fig. 1 is a section view illustrating the structure of 
the HCMOS device of ihe first embodiment. As shown in 
Fig. 1, NMOS and PMOS transistors are formed on a 
silicon substrate 10. The following description wilt first 

25 discuss the structure of the NMOS transistor. 

in the NMOS transistor, a p-well 1 1 (high-concen- 
tration p-type silicon layer) is formed on the silicon sub- 
strate to Successively formed on the p-wsil 11 ara(i)a 
St layer isn having a & doped layer which has been 

30 doped with a V-famiiy element in high concentration, 
and a spacer iayer, and {ii> a SiGeC iayer un (in which 
the C concentration is 4 %, while the Ge concentration 
is 36 %). As wiil be discussed later, the composition 
rates of the respective elements in the SiGeC layer 1 4n 

35 are set such that fhe SiGeC iayer 14n and the Si iayer 
13n immediately therebelow are fitted in lattice for each 
other. 

In the heierointefface between the SiGeC layer I4n 
and the Si layer 13n, there is present a band discontin- 
ue uous portion of a conducfion band Ec having a band off- 
set value AEc, as shown in the right portion of Fig. 1. 
Formed ai this band discontinuous portion is a carrier 
accumulation layer in which electrons serving as nega- 
tive carriers are confined as two-dimensional electron 
45 gas (2DEG), The carrier accumulation iayer formed in 
the vicinity of the interface at the side of the SIGeC iayer 
14n, wifi serve as a channel in which electrons travel at 
a high speed, in the SiGeC iayer I4n, the electron 
mobility is higher than in the Si iayer, thus increasing the 
so operational speed of this NMOS transistor. 

Successively formed on the SiGeC iayer 14n are a 
SiGe iayer I5n {in which the Ge concentration is 30 %, 
while the St concentration is 70 %), and a Si layer 17n. 
A gate insulating iayer 19n comprising a siiicon oxide 
ss layer is formed on the surface of the Si layer 17a 
Because fhe Si iayer 1 7n is present below the gate insu- 
lating layer I9n, toe gate insulating iayer I9n high in 
crystailmity can readily be formed merely by oxidizing 
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the surface of the Si layer 17n. A gate electrode 18n is 
formed on tie gate insulating layer 19n. Source-drain 
layers 16n are formed in the substrate at both iatera! 
sides of me gate electrode 18n, The travel of efectrons 
within the SiGeC layer 14n is controlled by a voltage 
applied to the gate electrode 1 8n. in Fig. 1, the source- 
drain layers 16n are formed in depth which reaches fhe 
p-weli 11, but may be formed at least in depth corre- 
sponding to mat portion of the SiGeC layer 14n which 
will result in a channel. 

The PMOS transistor has substantially the same 
structure as that of tie NMOS transistor discussed in 
the foregoing. An n-weii 12 {high-concentration n-type 
Si iayer) is formed on the silicon substrate 10. Succes- 
sively formed on the n-wel! 12 are {i} a Si iayer 13p hav- 
ing a 8 doped iayer which has been doped with a V- 
famiiy element in high concentration and (if) a SiGeC 
layer 14p (in which She Ge concentration is 8.2 %, while 
the G concentration is 1 %). Further successively 
formed on the SiGeC layer 14p are a SiGe iayer I5p (in 
which the Ge concentration is 30 %, while the Si con- 
centration is 70 %) and a Si layer 1?p. In the PMOS 
transistor, positive holes serve as carriers. The channei 
in which the positive hofes travel, is termed at the side of 
the SiGe layer I5p of the interface between the SiGe 
layer 15p and the Si layer 17p. A band discontinuous 
portion of the vaience band having a band offset value 
ABv is present af the heterointerface between the SiGe 
layer fSp and the Si layer I7p, A carrier accumulation 
layer is formed at this discontinuous portion. Accord- 
ingly, the positive holes travel tn the channel of carrier 
accumulation iayer formed at the side of the SiGe layer 
15p of the interface. In the SiGe layer I5p, too, the 
mobility of positive holes is higher than in the Si iayer, 
thus increasing the operational speed of the PMOS 
transistor. 

in the PMOS transistor, a gate instating layer I9p 
comprising a silicon oxide layer is formed on the Si layer 
l?p. Source-drain iayers 18p are formed at both sides 
of a gate electrode 18p. The travel of positive holes in 
the SiGe layer 15p is controlled by a voltage applied to 
the gate electrode 18p. 

Disposed between the NfvtOS and PMOS transis- 
tors is a trench isolation 20 formed by embedding, with 
a silicon oxide iayer, a groove formed in the substrate. 
The trench isolation 20 electrically separates the NMOS 
and PMOS transistors from each other. 

The Si layers t3n, 13p, the SiGeC layers I4n. 14p, 
the SiGe layers 15n, 1 5p, and the Si layers 17n. 1 7p are 
simuifaneously formed through crystal growth. For 
example, the sizes of the respective iayers can be set to 
the following sizes, but are not limited thereto. 

The thickness of each of the Si layers 13a 13p is 
for example equal to about 0.6 jrm< and is preferably in 
the range from 0 to 1 am The thickness of each spacer 
layer is for example equal to about 30 nm, and is prefer- 
ably in the range from 0 to 50 nm. The thickness of each 
of the SiGeC iayers 14n, 14p is preferably in the range 



from 3 to 50 nm. The thickness of each of the SiGe iay- 
ers 15n, 15p is equaf to about 5 nm and is preferably in 
the range from 3 to 5 nm. The thickness of each of the 
Si layers 17n, 1 7p is equal to about 1 nm and is prefer- 

s ably in the range from 0.5 to 5 nm. The thickness of 
each oi tit ulatin ay« s i$n, 19p is for exam- 

pie about 5 nm, 

in each of the gate electrodes 18n, 18p, the gate 
iength is equal to 0.25 (*m and the gate width is equal to 

to 2.§ j«n. The width of each source-drain region is equal 
to about 1 .2 am. The contact area of each of source- 
drain electrodes 21n, 21p is equal to about 0.5 urn x 
about 0.6 j*m. The doping concentratjon of each of the 
welis 13n. 13p is in the rangefrom about 1 x 10 17 to 1 >i 

is about 10 1S cm' 3 . The doping concentration of each of 
tbeSdoped layers is in the range from about 1 xl0 18 to 
about 1 xio^ cm 3 

The HCfvTOS device (Heterostructore CMOS 
device} of this embodiment is characterized in that a 

so SiGeC layer is used. By adjusting the composition rates 
of Si, Ge and C in the SiGeC layer, the band gap 
amount and lattice misfit with respect to silicon can be 
changed. The following description will discuss in detaii 
the relationship between the composition rates of Si, Ge 

25 and C and each of the strains and band offset amounts 
of the iayers in fhe first embodiment. 

Fig. 2 shows how the lattice misfit (%) between the 
SiGeC layer and the Si layer changes with the concen- 
trations (%} of C and Ge respectively shown on the axis 

so of abscissa and the axis of ordinate. The misfit zero line 
represents that the SiGeC layer and the Si layer are 
equal in lattice constant to each other. The lattice con- 
stant of a singfe crystal of Ge (germanium) is greater 
than that of a single crystal of Si, and the lattice con- 

55 stant of a single crystal of C (carbon) is smaller than that 
of a single crystal of Si. Accordingly, by adjusting fhe 
composition rates of Ge and C, the lattice constant of 
the SiGeC iayer 1 4n can be made equal to that of fhe Si 
iayer 13a 

46 fig. 3 is a characteristic view illustrating the refa- 
tionship between the composition rates of three ele- 
ments Si, Ge, C and lattice fit. In Fig 3, fhe three apexes 
represent the points where the respective concentra- 
tions of Si, Ge, C are equal io 100 % {the composition 

is rates are equal to 1). Thus, Fig. 3 shows how the lattice 
misfit with respect to Si changes by adjusting the com- 
position of fhree-elemenf mixed crystal of fhe SiGeC 
fayer. In Fig. 3, fhe hatched zone is a composition zone 
which gives tensile strain to the SiGeC layer, and the 

55 solid fine shows the conditions of composition of fhe 
respective elements under which She lattice misfit 
between the SiGeC layer and the Si layer is zero or 
under which the SiGeC layer and the Si layer are fitted 
in lattice for each other. The lattice constant of Ge is 

ss greater by 4.2 % than that of Si, and the lattice constant 
of C is snatler by 34.3 % than that of Si. Accordingly, by 
increasing the composition rate of Ge by 8.2 times of 
the composition rate of C, the lattice constant of the 
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SiGeC layer can be agreed with the lattice constant of 
the Si layer. 

In the SiGeC layer 14n of the first enfoodiment, the 
Ge concentration is equal to 8.2 % (x - 0.082) and the 
C conceniration is equal to 1 % (y ~ 0.01}. Accordingly, 
it is understood from Fig. 3 that the lattice misfit of the 
SiGeC layer Un with respect to the Si substrate is zero 
and that the SiGeC layer 14n and the Si iayer 13n ther- 
ebelow have the same lattice constant. 

Fig. 4 shows how the band offset value AEc of the 
conduction band and the band offset value AEv of the 
valence band at the interface between the SiGeC layer 
and the Si iayer, are changed with the composition rate 
of C and the energy level respectively shown on the axis 
of abscissa and the axis of ordinate, in Fig. 4, the black 
circles show tie band offset values A£v of the valence 
band and the white circles show the band offset values 
aEc of the conduction band. In Fig. 4, the original point 
of the energy is set to the energy value at the lower end 
of the conduction band of Si for the conduction band, 
and to the energy value ai the upper end of the valence 
band of Si for She valence band, in Fig. 4, the solid lines 
correspond to the layer in which no strain is induced, 
while the dotted lines correspond to the layer in which 
tensile strain is induced. 

As shown in Fig. 4, it is understood in the first 
embodiment that the band offset values of the conduc- 
tion and valence bands at the respective interfaces 
between the SiGeC layer (in which the composition fate 
of C is equal to 0.01) and the Si iayer, are respectively 
300 meV and 0 meV and that at the interface between 
the SiGeC layer and the Si layer, a discontinuous por- 
tion is not formed in the valence band, but is formed only 
in the conduction band. In the SiGeC iayer 14n of the 
first embodiment, the composition rate of C is equal to 
0.01. Accordingly, the SiGeC layer 14n and the Si layer 
13n are f itted in lattice for each other. This prevents a 
defect such as dislocation or the like from being induced 
in the SiGeC layer 14n having a channel in which two- 
dimensional electron gas travels That is, if the SiGeC 
layer 14n and the Si layer I3n therebelow are misfitted 
in iattice tor each other, such a defect is induced in the 
SiGeC layer 14n, 

In the first embodiment, a discontinuous portion is 
not for med in the valence band at the interface between 
the SiGeC layer 14n and the St layer I3n. Accordingly, 
positive hoies cannot be confined in the SiGeC iayer 
14n. Therefore, the PMOS transistor using positive 
holes as earners, utiiizes a heterojunction between the 
SiGe layer 1 5p and the Si layer 1 7p. The lattice constant 
of the single crystal of SiGe is greater than that of the 
single crystal of Si, and the SiGe layer i5p is located 
above the SiGeC iayer 1 4p fitted in iattice for the Si layer 
T3p. Accordingly, the band offset value in the valence 
band is large because of changes in band structure due 
to compressive strain, in this case, too, what an electric 
field is applied from the gate, positive holes are two- 
dimensionally confined (2DHG) by band inclination. 



thus forming a carrier accumulation layer. Therefore, the 
carrier accumulation iayer in the SiGe layer 1Sp will 
result in a channel in which the positive holes travel at a 
highspeed. 

s According to the structure of the first embodiment 
discussed in the foregoing, the NMOS transistor is 
arranged such that, by adjusting the composition rates 
of the respective elements Si. Ge, C of the SiGeC layer 
14n, the SiGeC layer 14n can be fitted in lattice for the 

to Si iayer 13n while maintaining the band offset value of 
the conduction band at a value sufficient to accumulate 
two-dimensional electron gas. Thus, the NMOS transis- 
tor can achieve a high-speed operation utilizing the high 
carrier mobility of the iwo-dimensionai electron gas in 

s5 the SiGeC iayer, yet providing a high reliability by reduc- 
ing the defect density. Since no discontinuous portion is 
formed in the valence band at the interface between the 
SiGeC layer 14n and the Si layer i3n, the positive hoies 
cannot be confined in the &G&C layer i4n However, by 

sc utilizing a heterojunction between the SiGe layer 15p 
and the Si iayer 1 ?p, there can be formed a channel for 
the PMOS transistor using posiiive hoies as carriers, 
thus achieving a high-speed operation. 

By integrating the NMOS transistor high in speed 

25 with the PMOS transistor high in speed using SiGe to 
form band discontinuous portion in the valence band, 
there can be achieved a high-performance HCMOS 
device. 

in the first embodiment, the Ge concentration is 

30 equai to 8.2 % and the C concentration is equal to 1 %. 
However, it is understood from Fig. 4 that, to maximize 
the band discontinuous portion or band offset value AEv 
in the lattice-fit type, it is enough to increase the compo- 
sition rate of C. When such a large band offset value 

ss AEv is provided, the two-dimensional electron gas 
(2DEG) confined in the heterointerface does not get 
over the heterointerface but travels in a stable manner 
even though the electron concentration is high, in par- 
ticular, the composition rate of C is preferably in the 

40 range from 0.01 to 0 .03. In this range, there can be 
obtained, in both the non-strain and tensile strain types, 
a proper band offset value AEv {« -0.2 to -0 6) for form- 
ing a carr ier accumulation layer in which the two-dimen- 
sional electron gas is to be confined 

4$ in the first embodiment, the Ge concentration in the 
SrGe layer I5p is set to 30 %, To increase the band off- 
set value, however, the Ge concentration may be 
increased to increase the compressive strain. 

Since the HCMOS device is formed on a Si sub- 

ss strate, the HCMOS device may be used for a circuit in 
which high speed is required, while a usual CMOS 
device formed on an active region having a singie com- 
position of Si may be used for other circuit. Thus, the 
HCMOS device having the anangement above-men- 

ss tioned can be integrated with a MOS f ieid-effect transis- 
tor directly formed on a Si substrate. As a device using 
SiGeC, p- and n-fype transistors are not necessarily 
formed on the same substrate. Accordingly, the fotfow- 
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ing measure may be taken, for example, for an Mb- 
grated; circuit used for a mobile communication deyiee. 
Thai is, an amplifier, a mixer or the like used in a high 
frequency region in which a high-speed operation is 
required, is not required to form a complementary cir- 
cuit. Therefore, such an amplifier, a mixer or the (ike is 
formed of a MOS transistor using SiGeC of only one of 
the p- and n-types (for example, {he n-type). A compo- 
nent which is arranged to execute a digital signal 
processing and which is required to form a complemen- 
tary circuit, may be formed of a CMOS device using a 
single composition of Si. 

Referring to Fig. 5 (a) to Fig. 5 fi), the following 
description will discuss a method of producing the 
HCMOS device of the first embodiment. Fig. 5 (a} to Fig. 
5 (f) am section views illustrating an example of the 
process fof producing the HCMOS device shown in Fig. 
1, 

At the step shown in Fig. 5 |a), the p- and n-weits 
11, 12 are formed, by ion injection, on the silicon sub- 
strate 10. 

At the step shown in Fig. 5 (b), the Si layer 13 
including the 5 doped layer, the SiGeC layer 14 (Ge: 8.2 
%, C: 1 %), the SiGe layer 15 and the Si layer 17 are 
grown on the wells 11, 12 using a UHV-CVD method. 
The 5 doped and spacer layers which are actually 
formed, are omitted in Fig. 5 for convenience' sake. 

At the step shown in Fig. 5 (c), to electrically sepa- 
rata the PMOS and NMOS transistors from each other, 
a groove for trench isolation is formed and then embed- 
ded with a silicon oxide layer, thus forming the trench 
isolation 20- This divides the Si layer 13, the SiGeC 
layer 14, me SiGe layer 15 and the Si layer 1 7n into (j) 
the Si layer i3n. the SiGeC layer i4n. the SiGe layer 
1 5n and the Si layer 1 7n for the NMOS transistor and (ii) 
the Si layer 13p, the SiGeC layer 14p, the SiGe layer 
1 Sp and the Si layer 1 ?p for the PMOS transistor. Then, 
the surfaces of the Si layers i7n. I7p are oxidized to 
form the gate instating layers 19n, 19p. 

At the step Shown in Fig. 5 (d). a polysilicon layer is 
deposited on the whole surface of the substrate and 
then patterned to form the gate electrodes 18n, 18p on 
the gate insulating layers 19n, iSp of the NMOS and 
PMOS transistors. With each of the gate electrodes 
I8n, 18p used as a mask, phosphorous ions (P+) are 
injected to form the source-drain layers I6n at the 
NMOS transistor side and boron ions (8+) are injected 
to form the source-drain layers 18p at the NMOS tran- 
sistor side. It is sufficient that the depth of the souree- 
dratn layers 16n of the NMOS transistor is deeper than 
at least the cai iei accumulation layer in the SiGeC 
layer 14n, and that the depth of the source-drain layers 
18p of the PMOS transistor is deeper than at least the 
carrier accumulation layer in the SiGe layer 15p. This is 
because channels are respectively formed in the carrier 
accumulation layers in the SiGeC layer I4n and the 
SiGe layer 15n. 

At the step shown in Fig. 5 (a), openings are formed 



in those portions of the gate insulating layers 19n, 19p 
above the source-drain layers i6n, 16p, 

At the step shown in Fig. 5 (f), the source-drain 
electrodes 21 n, 21 p are formed at the openings in the 
$ gate insulating layers 19n, 1 9p. 

Thus formed on the Si substrate 10 is an HCMOS 
debtee comprising the NMOS and PMOS transistors. 

According to the production method of the first 
embodiment, different channels are required to foe 
10 formed in the NMOS arid PMOS transistors. However, 
the crystals can simultaneously be grown for both the 
NMOS and PMOS transistors. Thus, the HCMOS 
device can readily be produced. 



According to the first embodiment, a field-effect 
transistor is formed using a SiGeC layer fitted in lattice 
for silicon. However; the second embodiment provides a 

20 transistor in which, within the range where the crystaliin- 
ity is not deteriorated, strain is positively induced in a 
SiGeC layer and changes in band structure due to such 
strain are utilized . The second embodiment provides an 
HCMOS device in which the PMOS and NMOS transis- 

26 tors according fo the first embodiment in Fig. 1 are real- 
ized in a single transistor. 

Fig. 6 (a) to Fig. S (c) are views respectively illus- 
trating a crystal structure in which compressive strain is 
induced in the SiGeC layer, a crystal structure in which 

30 the SiGeC layer is fitted in lattice for the Si layer (with no 
strain induced) and a crystal structure in which tensile 
strain is induced in the SiGeC layer. As shown in Fig. 6 
(a), when the lattice constant of the SiGeC layer is 
larger than that of the Si layer, compressive strain is 

ss induced in the SiGeC layer to increase the band gap 
vafue between the lower end of the conduction band 
and the upper end of the valence band in the SiGeC 
layer. On ihe other hand, as shown in Fig. 6 (c). when 
the lattice constant of the SiGeC layer is smaller than 

4o that of the Si layer, tensile strain is induced in the SiGeC 
layer to reduce the band gap between the lower end of 
the conduction band and the upper end of the valence 
band in the SiGeC layer. More specifically, the strain of 
the SiGeC layer causes the band structure to be 

4s changed. Thus, such effect can positively be utilized to 
change the band offset value of the Si layer or the like 
adjacent to the SiGeC layer. 

Even though the lattice constant of the SiGeC layer 
is shifted from the lattice constant of fie Si layer, it is 

ss possible to effectively prevent the transistor from being 
towered in reliability due to the occurrence of crystal 
defects such as dislocation or the like, by setting toe 
thicKness of the SiGeC layer to such a level that no lat- 
tice relaxation occurs and that strain is accumulated. 

ss Fig. 7 {a} and Fig. 7 (h) are, respectively, a view of 
band structure and a section view of a channel region of 
the field-effect transistor of the second embodiment. 8y 
growing a Si layer 13n on a Si substrate and then 
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growning a SiGeC layer 14n (Qe: 1 0 %, C: 4 %) in which 
the composition rate of C is being incf eased, the SiGeC 
iayer 14n can be arranged such thai its band gap value 
is large and its lattice constant is small. Then, the thick- 
ness of the SiGeC layer 14n is reduced to such an 
extent that no lattice relaxation occurs and strain is 
accumulated. Accordingly, tensile strain is induced In 
the SiGeC iayer 1 4a in addition to the effect of increas- 
ing the band gap value doe to an increase in the compo- 
sition rate of C, the tensile strain in the SiGeC layer 14n 
increases the band offset vaiue in the conduction band 
at the interface between the SiGeC iayer 14n and the Si 
iayer 13a This improves the efficiency at which two- 
dimensional electron gas (2DEG) is confined, 

Further, since the SiGeC layer 1 4n is not relaxed in 
lattice, the lattice constant of the top thereof is identical 
with the iattice constant of the Si layer 13n. Accordingly, 
when a SiGe layer 15p is grown on the SiGeC layer I4n, 
compressive strain is induced in the SiGe layer 15p 
because the lattice constant of the SiGe iayer ISp is 
larger than that of the Si layer I3n. 

According to the semiconductor device of the sec- 
ond embodiment, tensile strain is induced in the SiGeC 
layer I4n and compressi ve strain is induced in the SiGe 
iayer ISp. Accordingly, the band offset value of the con- 
duction band at the interface between the SiGeC iayer 
14n and the Si layer 13n is large, and the band offset 
value of the valence band at the interface between the 
SiGe layer I5p and the Si layer I7p is large. When this 
transistor is used as an NMOS transistor, a channel 
formed in tie SiGeC layer I4n may be utilized. When 
this transistor is used as a PMOS transistor, a channel 
formed in the SiGe layer tsp may be utilized. Thus, 
there can be formed an HCMOS device having chan- 
nels different in position, while having a common gate 
electrode and common source-drain regions. 

By properly setting the thickness of each o? the lay- 
ers, there can be obtained an HCMOS device having a 
field-effect transistor unit which is free from dislocation 
or defect due to lattice misfit and which is high in relia- 
bility resulting from good crystaflinity. 

The broken lines in Fig. 4 show the composition in 
which tensile strain of 0,25 % is induced in the SiGeC 
iayer 14n in the second embodiment. Generally, when 
the composition rate of Ge in the SiGeC layer is 8.2 
times of the composition rate of C, the SiGeC iayer is fit- 
ted in lattice for the Si layer. Accordingly, when the com- 
position rate of Ge is smaller than 8.2 times of the 
composition rate of C, tensile strain can be induced in 
the SiGeC layer 14n. it Is now supposed that the com- 
position rate of C is set to y. When the Ge composition 
is set to {8.2y - 0.12), the lattice constant of the SiGeC 
iayer 14n can be made smaller by 0 25 % than that of 
the Si layer 13n. 

As shown in e in the non sftatn type, a 

band discontinuous portion is not formed in the valence 
band at the interface between the SiGeC layer 14n and 
the Si layer 13n, and is formed only in the conduction 



band. When the C eoncantraiion is not greater than 2 %, 
the band offset value of the conduction band is substan- 
tially equal to that of the non-strain type. Thus, even 
though the ratio of the C concentr ation to the Ge con- 

$ centrafion deviates from the value satisfying the condi- 
tion of lattice fit, there can be obtained transistor 
characteristics substantially equal to those of the lattice- 
fit type. This means that a certain latitude is allowed in 
the condition in view of control of C concentration and 
Ge concentration when growing the SiGeC layer 14n, 
This facilitate the crystal growth oi the SiGeC layer. 
When the C concentration is not less than 2 %, the band 
offset vaiue can be made greater than in the non-strain 
type with the same C concentration, if is therefore pos- 

js sible to compiy with a circuit requiring a greater band 
offset value. 

The second embodiment is arranged such that the 
lattice constant of SiGeC is smaller than that of Si. How- 
ever, since the thickness of the SiGeC layer is set such 
so that no lattice relaxation is induced and strain is accu- 
mulated, there is no possibility of the transistor being 
lowered in reliability due to crystal defect such as dislo- 
cation or the tike. 

& Third Embodiment 

According to the first embodiment mentioned ear- 
lier, there is formed, at the channel region of each field- 
effect transistor, a heterostrucfure in which the SrGeC 

30 layer is fitted trt lattice for the Si layer, and electrons or 
positive holes are confined in the band discontinuous 
portion at the heferoirtterface such that the electrons or 
positive holes are used as carriers. 

According to a third embodiment, there is formed a 

ss transistor in which a carrier confining region is not 
formed at a heteroinferface, and in which a quantum 
well structure of Si/SiGeC or Si/SiGe/Si is formed such 
that a quantum well (SiGeC, SiGe) held by and between 
barrier layers serves as a channel. 

40 Fig. 8 is a section view of an HCMOS device 
according to the third embodiment. This HCMOS device 
has a CMOS-device structure in which NMOS and 
PMOS transistors are formed on a Si substrate 30, This 
structure in Fig. 8 is the same as that of the HCMOS 

45 device in Fig, i in that a p-wel! 31 and an n-weli 32 are 
formed on the Si substrate 30 and that there are respec- 
tively formed, on the p- and n-wells 31 , 32, first Si layers 
33r>, 33p each having a 5 doped layer doped with a V- 
family element in high concentration. However, the 

sc. PMOS and NMOS transistors on the first Si layers 33n, 
33p are different from those in the first embodiment 

In the NMOS transistor, a SiGeC layer 34n having 
such a composition as to fit in lattice for the first Si layer 
33n, is formed on the first Si layer 33n, and a second Si 

ss layer 35o is laminated on the SiGeC iayer 34o. In the 
third embodiment, a quantum well region {SiGeC layer 
34n) held by and between two band discontinuous por- 
tions is present in the conduction band extending; over 
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the first Si layer 33ft, the SiGeC iayer 34n and the sec- 
ond Si iayer 35n. Accordingly, a earner accumulation 
layer for confining two-dimensional eleetr on gas (2D£G) 
serving as a carrier is formed in ihe SiGeC layer 34n 
which is a quantum well region {See the band illustra- 
tion at the right hand in Fig. 8). More specif ically. a 
channel is formed in the SiGeC layer 34n when the 
NMOS transistor is operated. A thin SiGe layer 38n and 
a third Si layer 37rt are successively formed on the sec- 
ond Si layer 36n. 

According to the arrangement above-mentioned, 
likewise in the first embodiment, a channel far moving 
carriers is formed in the SiGeC iayer 34n higher in elec- 
tron mobiiity than the Si layer. Thus, there can be 
obtained an NMOS transistor high in operational speed. 
In addition, since the SiGeC layer 34n serving as a 
quantum weii Sayer is thin, the third errfoodiment is 
improved in earner confining efficiency as compared 
with the first embodiment and can be achieved using a 
layer small in mixed-crystal ratio. This restrains factors 
of deteriorating the mobiiity of electrons serving as a 
carriers. The factors include carrier scattering due to ihe 
deterioration in regularity of the crystal structure result- 
ing from mix-crystallization. 

The PMOS transistor is the same as the NMOS 
transistor in that there are successively formed, on the 
first Si Sayer 33p, a SiGeC layer 34p having such a com- 
position as to fit in lattice for the first Si Sayer 33p. a sec- 
ond Si layer 35p. a thin SiGe layer 36p and a third Si 
layer 3?p in the PMOS transistor, however, there is 
formed a quantum well region {SiGe layer 36p) held by 
and between two band discontinuous portions in the 
vaience band extending over the second Si layer 3Sp, 
the SiGe layer 36p and the third Si layer 37p, and there 
is formed, in the quantum well region, a carrier accumu- 
lation layer for fwo-dimensionaily confining positive 
holes serving as carriers. More specifically, when the 
PMOS transistor is operated, a channel is formed in the 
SiGe iayer 36p. in the SiGe layer 36p. too, the mobility 
of positive holes is higher than in the Si layer. This ena- 
bles the PMOS transistor fo be operated at a high 
speed. 

in the NMOS and PMOS transistors, gate insulating 
layers 39n, 39p comprising silicon oxide iayers are 
formed on the substrate, and gate electrodes 38n, 38p 
are formed on the gate insulating iayers 39n. 39p. 
Source-drain layers 42n, 42p are formed at the both 
sides of the gate electrodes 38n, 3Sp, and source-drain 
electrodes 41 n, 41 p come in contact with the tops of the 
source-drain iayers 42n, 42p. It is a matter of course 
that, in the NMOS and PMOS transistors, the respective 
travels of electrons and positive botes in tie SiGeC 
layer 34n and the SiGe layer 36p are controifed by volt- 
ages respectively applied to the gate electrodes 3Sn. 
33p. 

Formed between the NMOS and PMOS transistors 
is a trench isolation 40 formed by embedding an isola- 
tion groove with a silicon oxide layer. This trench isola- 



tion 40 electrically separates the NMOS and PMOS 
transistors from each other. 

Likewise in the first embodiment, the HCMOS 
device of the third embodiment has the SiGeC layer 34n 

s which is fitted in lattice for the Si iayer and which serves 
as a quantum well region, and there is formed, in foe 
SiGeC iayer 34n, a channel in which electrons travel. 
The SiGe iayer 36p serving as a quantum well region is 
formed in the PMOS transistor and there is formed in 

10 the SiGe layer 36p a channel in which positive holes 
travel. Accordingly, a high-performance HCMOS can be 
achieved by integrating the NMOS and PMOS transis- 
tors each high in switching speed using a quantum weii 
structure high io carrier confining efficiency. 

is According to the third embodiment, the HCMOS 
device may be used for a circuit in which high speed of 
a transistor is required, while a usual CMOS device 
formed on a Si substrate may be used for other circuit. 
Also, the HCMOS device can be integrated with a MOS 

so field-effect transistor directly formed on a St substrate. 
The channels of both the NMOS and PMOS tran- 
sistors are not necessarily formed in the quantum weii 
regions. 

Referring to Fig. 9 (a) to Fig. 9 (f), the following 

2s description will discuss a method of producing foe 
HCMOS device according to the third embodiment. Fig. 
9 (a) fo Fig. 9 (f) are section views illustrating an exam- 
pie of a production process for embodying the HCMOS 
device shown in Fig. 8. 

30 First, an outline of the production process wilt be 
given. When growing the SiGeC lay er 34, the second St 
layer 35 and the SiGe layer 36, the thickness of each of 
the SiGeC layer 34 and fhe SiGe layer 36 is made not 
greater than 10 nm, to example 3 nm. such that each of 

35 the iayers 34, 36 serves as a quantum well structure. 
Other portions are formed at steps similar to those 
shown in Fig 5 (a) to Fig. 5 (f) 

At foe step shown in Fig. 9 (a), the p-weii 31 and foe 
n-weii 32 are formed on the Si substrate 30 by ion irtjec- 

40 fen. 

At the step shewn in Fig. 9 (b), there are succes- 
sively grown, on the p- and n-wells 31 , 32. a first Si layer 
33 including a 6 doped layer, a SiGeC layer 34 (Ge: 36 
%, C: 4 %), a second Si layer 35, a SiGe layer 36 and a 

45 third Si iayer 37, using a UHV-CVD method. 

At the step shown in Fig, 9 {c}, to electricaiiy sepa- 
rate toe PMOS and NMOS transistors, a trench isolation 
groove is formed and then embedded with a siiicon 
oxide iayer for forming the trench isolation 40. This 

55 divides the first Si layer 33. the SiGeC layer 34, the sec- 
ond Si iayer 35, the SiGe iayer 36, the third Si layer 37 
and the gate insulating layer 39. into (i) the first Si layer 
33a the SiGeC layer 34n, the second Si layer 35n, foe 
SiGe layer 36n and the third Si iayer 1?n for foe NMOS 

ss transistor and (ii) the first Si iayer 33p, the SiGeC layer 
34p, foe second Si layer 35p, the SiGe iayer 36p and foe 
third Si iayer 37pforthe PMOS transistor Then, the sur- 
37p art oxidised fo form 
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the gate insulating layers 39n, 39p. 

At the step shown in Fig. 9 (d), the gate efectrcjcies 
38n. 38p ate formed. Then, the source-drain regions 
42n are formed by injection of phosphorous tons (P+) 
for the NMOS transistor, and the source-drain regions 
42p are formed by injection of boron tons (8+) for the 
PMOS transistor It is sufficient that the depth of the 
source-drain regions 42n of the MMOS transistor is 
deeper than the depth of at least the SiGeC layer 34n 
and that {he depth of the source-drain regions 42p of the 
PMOS transistor is deeper than the depth oi at Seast the 
SiGe layer 36p, This is because channefs are respec- 
tively formed in the SiGeC layer 34n and the SiGe layer 
36p. 

At the step shewn in Fig. 9 {e}, the gate insulating 
layers 39n, 39p are patterned to form openings in those 
portions of the gate insulating iayers 39n, 39p above the 
source-drain regions 42n, 42p. 

At the step shown in Fig. 9 (e). the source-drain 
electrodes 41 n, 41 p are formed at the openings thus 
formed. 

With the steps above-mentioned, there is formed 
an HCMOS device comprising the NMOS and PMOS 
transistors according to the third embodiment 

According to the production method of the third 
embodiment, there is readily formed an HCMOS device 
in which the channel in the NMOS transistor is formed 
by tie SiGeC layer 34n of the quantum well structure 
utilizing a heterojunction, and in which the channel in 
the PMOS transistor is formed by fhe SiGeC layer 36p 
of the quantum wen structure utiiizing a heterojunction. 
Further, according to the production method of the third 
embodiment, different channeis are required to be 
formed for the NMOS and PMOS transistors. However, 
crystals can siniuftaneousiy be grown for both the 
NMOS and PMOS transistors. Thus, the HCMOS 
device can readily be produced. 

Fig. 10 is a section view illustrating the structure of 
a field-effect transistor according to a fourth embodi- 
ment of the present invention. This fourth errtbodimerrt 
provides a structure having a source-drain contact suit- 
able for a heterojunction field-effect transistor. 

As shown in Fig, 10, there are formed, on a well 51 
made of a St layer, a SiGe buffer layer SS, a 5 doped 
layer 53, a spacer layer 54, an n-channel layer 87, an i- 
Si iayer 55, an :-Si,.,Ge s layer 56, an i-Si iayer 57 arid a 
gate insulating layer 58. A gate electrode 65 is formed 
on the gate insulating layer 58. Source-drain contact W 
layers 61 and AJ source-drain electrodes 63 are succes- 
sively formed on the i-Si-(. x Ge >; layer 56 at both lateral 
srdes of the gate electrode 65, At both sides of the gate 
electrode 65, source-drain regions 53 are formed as 
extending over a portion of the SiGe buffer iayer 52, the 
5 doped layer 53, the spacer layer 54, the n-channel 
iayei S7, the i-Si iayer 55 i i,. x G« iayer 56 and the 



i-Si faysr 57. A first insulating layer 66 is embedded in 
the space between the gate electrode 65 and the AJ 
source-drain electrodes 63, 

The following description will discuss the structure 

s of the fiefd-effect transistor above-mentioned. 

In the SiGe buffer layer 52, the Ge concentration is 
increased m the vertical direction from the lower end of 
the iayer 52 toward the upper end thereof. The SiGe 
buffer iayer 52 has a thickness sufficient to relax the 

to SiGe mixed crystal in lattice and therefore has a lattice 
constant larger than that of Si. Thus, using a strain 
effect, an n-ehannef can be formed on fhe SiGe buffer 
iayer 52. When, without using such a SiGe buffer iayer 
mfaxed in lattice, there is formed a heterojunction of Si 

is and SiGe layers with the Si layer fitted in lattice for the Si 
substrate, a great discontinuous portion increased in 
ievei difference is formed in the valence band, but a dis- 
continuous portion is hardly formed in the conduction 
band, it is therefore difficult to confine two-dimensionai 

so election gas to form an n-channel. 

The Ge concentration in the SiGe buffer layer 52 
changes, for example, from 0 % to 30 % continuously or 
gradually in steps of thin layer portions. At this time, pro- 
vision is made such that lattice relaxation occurs in each 

25 iayer portion and that foe lattice constant of the SiGe 
buffer layer 52 at its top layer portion is identical with the 
lattice constant of the original single crystal Si Q 7 Gs 0 3 , 
The object of changing the concentration in the vertical 
direction of the iayer 52, is to minimize the influence of 

30 a crystal defect exerted on a channel thereon, the crys* 
tal defect including dislocation or the tike caused by lat- 
tice relaxation. The entire thickness of the SiGe buffer 
iayer 52 is required to be sixmi i ^m. 

Formed on the SiGe buffer iayer 52 is the spacer 

ss layer 54 made of Si<> jQb$ s including no impurity. A car- 
rier accumulation layer is formed at a discontinuous por- 
tion of a conduction band which is formed at the 
heteroittterface between the spacer layer 54 and the i-Si 
iayer 55 thereon. This carrier accumulation layer serves 

4o as the n-channel 67 in which electrons are two-dirnen- 
sionaiiy confined. 

The 5 doped iayer 53 is a iayer doped with a V-fam- 
ify element such as P or As in high concentration for 
supplying electrons serving as carriers to the n-channei 
67, The spacer layer 54 on the 6 doped iayer 53 is com- 
posed of Siy yG^cg doped with no impurity, and spa- 
tially separates the carrier electrons in the n-channel 6? 
from the ions in the 6 doped layer 53 from each other. 
This Sowers the scattering of the carrier electrons by the 

so ions, thus improving the mobility. As the spacer layer 54 
is increased in thickness, the carrier scattering effect by 
ionized impurity is lowered. However, as fhe spacer 
layer 54 is increased in thickness, the carrier density is 
towered. Therefor e, the thickness of the spacer layer 54 

ss is preferably set to about 3 nm. 

The i-Sh. x Ge x layer 56 and the i-Si layer 57 form a 
ievei difference in the valence band at the heterointer- 
face to form a p-channel 68. Here, x is preferably set to 
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about 0.7, 

The gate instating layer 58 insulates the gate elec- 
trode 85 from the semiconductor layer therebelow to 
lower the gate leakage current, thus enabiing the tran- 
sistor to be lowered in power consumption. An oxide s 
layer formed by oxidizing the i-Si-t^Ge* layer S6 is 
water-soluble and unsteady. Therefore, in the SiGe 
field-effect transistor, too, a silicon oxide layer is prefer- 
ably used as a gate insulating layer, in a Si heterojync- 
{ion MQS device, therefore, {he semiconductor layer 10 
immediately below the gate insulating layer is preferably 
a Si layer. 

fvfore specifically, each of the field-effect transistors 
according to the fourth embodiment comprises a chan- 
nel region formed by the lamination layers above-men- is 
tioned, the source-drain regions 59 shown by the 
broken lines in Fig 10, the Al source-drain electrodes 
83 for introducing and taking out an electric current for 
operating the transistor, and the gate electrode 65 for 
applying a voltage for controlling the electric current, so 
When this fieid-eifeci transistor is to be used as an n- 
channel field-effect transistor, a voitage is applied to the 
gate electrode 65 such that the n-channei 67 is formed. 
When this fieid-effeci transistor is to be used as a p- 
channel f ieSd-effecf transistor, a voitage is applied to the 2& 
gate electrode 65 such that the p-channel 68 is formed. 

The fourth embodiment is characterized by com- 
prising channel regions, source-drain regions and 
source-drain contact layers. The channel regions com- 
prise a first semiconductor layer including a Si,.*. 30 
y Ge t Cy layer (Osxsn, osyst). a second semiconductor 
layer different in band gap from the first semiconductor 
layer, and a carrier accumulation layer formed in the 
vicinity of the interface between the first and second 
semiconductor layers. The source-drain regions com- ss 
prise a third semiconductor layer and a fourth semicon- 
ductor iayer greater in band gap than the third 
semiconductor layer. The source-drain contact layers 
are made of conductive layers which are low in resist- 
ance and which are formed immediately above the third 4o 
semiconductor layer. 

When using the field-effect transistor according to 
the fourth embodiment as an n-channei fiefd-effect tran- 
sistor, the i-Si iayer 55 serves as the first semiconductor 
layer (x=y»0) including a Si^.yO^C^ iayer (Qsxst. as 
o ■■- ) the SiGe buffer iayer 52 serves as the second 
semiconductor iayer, the i-Si 1 . x Gs x layer 56 serves as 
the third semiconductor layer, the i-Si layer 57 serves as 
the fourth semiconductor layer greater in band gap than 
the i-Si Vx Ge x layer 56, and the source-drain contact W ss 
layers 61 are formed immediately above the i-Si-^Gex 
layer 56 serving as the third semiconductor layer. 

When using the fieid-sffeoi transistor according to 
the fourth embodiment as a p-channei field-effect tran- 
sistor, the i-Si-t.xGSx iayer 56 serves as the first semi- ss 
conductor layer (y=0) including a Si^^yGs^Cy layer 
(Osxsi, osysi) and also as the third semiconductor 
layer, the i-Si layer 57 serves as the second semicon- 



ductor layer and also as the fourth semiconductor layer 
greater in band gap than the third semiconductor layer, 
and the source-drain contact W iayers 61 are formed 
immediately above the i-Si, . x Ge^ layer 56 serving as the 
third semiconductor layer. 

As discussed in the foregoing, this embodiment is 
arranged such that those regions of the substrate which 
come in contact with the A! source-drain electrodes 63, 
are formed in a semiconductor iayer which is smaller in 
band gap out of the semiconductor layers for forming a 
channel. The fourth embodiment is arranged such that, 
at the heterointerface between the i-Si iayer 57 and tie 
i-Si f .. x Ge x iayer 56 for forming the p-channei, the 
source-drain contact W layers 61 are formed immedi- 
ately above the i-Si^Ge,. iayer 56 smaiier in band gap. 
As compared with the arrangement in which the source- 
dram contact W layers 61 are formed immediately 
above the uppermost semiconductor layer or i-Si layer 
57, this reduces the contact resistance, enabling the 
tranststor to be operated at a high speed with lower 
power consumption. 

When metal {Al in this case) is deposited after W 
has been grown on the SiojGetj.g iayer on the Si layer, 
contacts very low in resistance can be obtained. Such 
contacts using the SiGe iayer are lower in resistance by 
one digit than low-resistance contacts obtained using a 
silicide technology which are generally used as low- 
resistance contacts in a CMOS device of prior art (IEEE 
Electron Device Letters, Vol. 17. m. 7, 1996 pp 360). 

According to the paper above-mentioned, the SiGe 
layer is grown for forming source-drain electrode con- 
facts. However, when the contacts are formed on the 
SiGe iayer tor channel formation as done in the fourth 
embodiment, it is not required to newly grow a SiGe 
crystal to improve the productivity, as will be apparent in 
the transistor pr oducing method to be discussed later. 

According to the fourth embodiment, the HCMOS 
device may be used for a circuit in which high speed of 
a transistor is required, whiie a usuai CMOS device 
formed on a Si substrate may be used for other circuit. 
Such HCMOS device can be integrated with a rVIOS 
field-effect transistor directly formed on a Si substrate. 

The following description wiSS discuss a method of 
producing the fieid -effect transistor according to the 
fourth embodiment. Fig. 1 1 (a) to Fig. 1 1 (e) and Fig. 12 
(a) to (e) are section views illustrating an exampfa of the 
steps of producing the field-effect transistor shown in 
Fig. 10. 

At the step shown in Fig. 1 1 (a), prior to epitaxial 
growth for channel formation, the p- and n-wells 51 n, 
51p serving as the groundworks of NMOS and PMOS 
transistors are formed on a silicon substrate 50 by ion 
injection. 

At the step shown in Fig. 1 1 (b), prior to epitaxiai 
growth on the substrate, the substrate is cleaned using 
an RCA cleaning method or the like, thereby to remove 
impurity on the surface. Thereafter, the surface oxide 
iayer is removed and the substrate is then inserted into 
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an epitaxial growth apparatus. In a vacuum, the sub- 
strate is heated to obtain a clean surface. Through epi- 
taxiai growth, semiconductor layers for forming a 
channel: region are formed on the clean surface. These 
semiconductor layers include the SiGe buffer iayer 52. 
the 5 doped layer S3, the spacer layer 54, the n-channel 
67, the i-Si iayer 55, the i-Si^Ge* layer 58, the p-chan- 
oel 68, the i-Si layer 57 and the like. For convenience' 
sake, the 6 doped layer 53, the spacer layer 54, the n- 
channel; 67 and the p-ohanne! 66 are not shown. The 
following description will discuss how the respective 
semiconductor layers are formed . 

As a method of growing semiconductor layers, 
there can be used an MBE method using a solid source 
and a UHV-CVD method using a gas source. According 
to the UHV-CVD method, the atmosphere in the appara- 
tus is first brought to a super-low gas pressure fiaboui 
1CT W Ton), After a source necessary for crystal growth 
is introduced into the vacuum container, a crystal is 
grown in a vacuum when the degree of vacuum reaches 
about 10' 5 ~ 10' s Torr. 

According to the fourth embodiment, too, when the 
degree of vacuum in the vacuum container becomes 
sufficiently low after a clean surface is formed on the 
substrate by the method above-mentioned, the sub- 
strate temperature is set to about 500 ■- about 700" C 
for growth of semiconductor crystal layers. Changes in 
substrate temperature exert an influence upon the crys- 
tal quality such as changes in composition rate of a sin- 
gle semiconductor crystal layer. Accordingly, the 
substrate temperature is basically not changed while a 
single layer is being grown. When the substrate temper- 
ature becomes not less than 800* C. interdiffusion of Ge 
and Si occurs. This is disadvantageous in view of dete- 
rioration in sharpness and strain relaxation to deterio- 
rate the channel characteristics. Therefore, the growth 
temperature is set to not greater than 700°C as men- 
tioned earlier. 

Crystai growth is conducted by introducing source 
gas necessary for erysiaf growth into a vacuum con- 
tainer brought to a super-low gas pressure. As the 
source gas for crystal growth, disilarte is used for growth 
of a Si layer. For growing a StGe layer, germane is used 
as a Ge source gas in addition to the source gas such 
as disiiane for growing a Si layer. At this time, by adjust- 
ing the ratio of partial pressures of the respective source 
gases, the composition rates of Si and Ge in the SiGe 
layer can be controlled. The gas flow amount is adjusted 
such that the degree of vacuum is in the range of about 
10" 5 - about 10 s Torn 

First, a plurality of SiGe layer portions in which the 
composition rates are being gradually changed and 
which are being relaxed in lattice, are laminated to form 
the SiGe buffer iayer 52, To gradually change the com- 
position rate, the ratio of the partial pressures of the Si 
source gas and the Ge source gas is gradually 
changed. 

To form tie & doped iayer 53, a dopant gas such as 



arsifle or pbosphine is introduced into the vacuum con- 
tainer together wfth disiiane and germane. 

ff impurity introduced into the S doped layer 53 is 
mixed with the spacer layer 54, the transistor is deterio- 

s rated in characteristics. AccordingSy after the dopant 
gas is introduced into the vacuum container, the supply 
of the source gas is once stopped. After tie degree of 
vacuum is sufficiently lowered, the gas for growing the 
spacer iayer 54 is then introduced for growing the 

to spacer iayer 54- Provision is matte such that the space; 
iayer 54 has a uniform composition of S^Ge^ 3. The 
spacer fayer 54 is grown with the disiiane and germane 
flow amounts fixed. 

After the growth of the spacer iayer 54, the supply 

1$ of the source gas is stopped. After the degree of vac- 
uum is sufficiently lowered, only disiiane is introduced 
into the growth chamber for growing the i-Si layer 55 
doped with no impurity, 

After the growth of the i-Si layer 55, disiiane and 

sc germane are again introduced into the growth chamber 
for growing the i-Si^Ge^ layer 56. The Ge concentra- 
tion is set to 70 %. After the growth of the i-Sh.xGe,, 
iayer 56, the supply of the source gas is once stopped. 
Then, after the degree of vacuum is sufficiently lowered, 

ss only disiiane is introduced into the growth chamber for 
growing the i-Si iayer 57 

With the foregoing, the process of epitaxiaiiy grow- 
ing the semiconductor layers forming a channel region 
is finished. 

30 At the step shown in Fig. 1 1 (c), the substrate is 
taken out from the UHV-CVD apparatus and introduced 
into a thermal oxidation furnace where the surface of 
the uppermost i-Si layer 57 is oxidized to form the gate 
instating layer 58 made of a silicon oxide layer, 
ss At toe step shown in Fig. 11 (d), gate electrodes 
65n, 85p are formed on the gate insulating layer 58. The 
gate eiectrodes 65n, 65p are formed in a manner similar 
to that in a CMOS device of prior art Mora specifically, 
a poiysilicon layer is deposited and, after impurity is 
4c< introduced by ion injection, the poiysilicon iayer is pat- 
terned to form the gate electrodes 65n, 65p by dry-etch- 
ing, ions of boron fluoride (BF 2+) can be used as 
impurity ions. At the stage where the poiysilicon layer for 
gate eiectrodes is deposited, the source-drain regions 
*s are not formed yet. 

At the step shown in Fig, 11 (e), with the gate elec- 
trodes 65n, 85p serving as masks, impurity ions serving 
as a dopant are injected into the substrate to form the 
source-drain regions 59n, 59p Then, etching is cen- 
se ducted to remove toe oxide layer exposed onto the sub- 
strate for forming contacts. At the time of ion injection, 
the ion acceierating voltage is selected such that the 
peak of impurity distribution is located in the contact lay- 
ers which come in contact with source-drain eiectrodes. 
ss As impurity ions to be injected, ions of arsenic {As +} or 
phosphorous (P +> of the n-type impurity are used for 
the NMOS transistor region, and boron ions {8 +} of the 
P-type impurity are used for the PMOS transistor 
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region, it is therefore required to conduct, using respec- 
tsvely different masks, ion injection for forming the 
source-drain regions SSn for the MMOS transistor and 
ion injection for forming the source-drain regions S9p for 
the PSVfQS transistor. 

immediately after ion injections, an annealing 
processing is executed lor activating the impurity, it is 
however preferable to execute RTA (rapid thermal 
annealing) for a short period of time (30 seconds) at 
about 1 000*0 such thai no iraerdiffusign of Si and <3e 
occurs at the herterointerface and that no defect is 
induced in a crystal in the course of relaxation of strain 
present in the Si/SiGe type. 

At the step shown in Fig. 12 (a), a photoresist mask 
(not shown) is formed again on the substrate and the 
region between the NMOS transistor forming region and 
the PMGS transistor forming region is excavated in 
depth deeper than at least the channel region, thus 
forming a transistor isolation groove 71 . 

At the step shown in Fig. 12 (b), a first insulating 
layer 72 is deposited on ihe entire surface of the sub- 
strate including the groove 71 . To avoid the execution oi 
a high-temperature process, it is preferable to use a 
TEOS layer or the like which can be formed at a temper- 
ature of not greater than 500*0 using a plasma CVD 
method. At this time, a trench isolation 73 is formed by 
the insulating layer embedded in the groove 71. 

The source-drain contacts which constitute a char- 
acteristic feature of the fourth embodiment, are then 
formed in the following steps. However, foe steps of 
forming tie structure in Fig. 1 o are not limited to the fol- 
lowing: steps. 

To maximize the effect produced by the fourth 
embodiment, there is required the presence ot a spe- 
cific very thin semiconductor layer which ultimately 
serves as foe ground of the contacts. In this connection, 
i-SivxGex layers S6n, 56p are selected as the specific 
semiconductor iayer serving as the ground, and the 
substrate is etched until the i-Sii. x Gs x layers 58n, 56p 
are exposed. To expose ihe i-Sh.*Ge x layers SSn, 56p, 
it is preferable to apply wet-etching high in selectivity. 
However, the wet-etching is poor in anisotropy and is 
not suitable for micro-machining, ft is therefore prefera- 
ble to execute wet-etching after executing dry-etching to 
selectively remove those regions of the first insulating 
layer 72 at which source-drain electrodes will be 
formed, thus forming contact holes to cause gate insu- 
lating layers SSn, 58p to be exposed. The following 
steps may be conducted as an example of such a proc- 
ess. 

To remove ihe uppermost oxide layer (gate insulat- 
ing layers 58n, 5Sp), a solution oi the hydrofluoric acid 
type is used as well known. When i-Si layers 57n, 57p 
are exposed, the etchant oi the hydrofluoric acid type 
which hardly removes silicon, is changed to an etchant 
capable of removing the i-Si layers 57n. S7p. According 
to the fourth embodiment, contacts are formed in the i- 
Sh.jfGex layers 56n, 58p below the i-Si layers 57n, 57p. 



Accordingly, there <s selected an etchant which hardly 
etehes the i-Si^Ge* layers 58n, 58p but selectively 
etches the i-Si layers 57n, 57p. Using this etchant, ihe i- 
Si layers 57r», S7p are removed and the i-Si^Qe* layers 

s SSn, 56p are exposed. At this time, portions of the i-Si,. 
X G& X layei s 5So, 56p may be removed due to over-etch- 
ing. As mentioned earlier, the i-Si^Ge* layers 56n, 55p 
are formed through epitaxial growth for forming an n- 
chanoei in the channel region of foe IMMOS transistor, 

io Accordingly, the fourth embodiment eliminates a step of 
growing new i-Si^Ge* layers SSn, 56pfor forming con- 
tacts low in resistance using SiGe layers. 

To form contacts, a metallic layer low in resistance 
Is deposited on the exposed i-Si^Ge* layers SSn. 58p. 

is When tungsten (W) is used as foe metallic material of 
the metallic layer, there can be formed contacts 
extremely low in resistance According to the fourth 
embodiment, with the temperature set to 400*0, 
source-drain contact W layers 61 n, 6tp are selectively 

2$ grown on the i-Si 1x Ge x layers 56n, 56p using, as a 
source gas, gas obtained by diluting WF6 by hydrogen. 
At foe step shown in Fig. 12 (e), the substrate is 
subjected to sputtering to cause an Al alloy layer to be 
deposited on the whole surface of the substrate, and is 

25 then patterned to form Al source-drain electrodes 63n, 
63p With the steps above-mentioned, contacts low in 
resistance can be formed on the source-drain regions. 

As mentioned earlier, a Si heterojunction MOS 
device uses a silicon oxtde layer as a gate insu afi i j 

30 layer. Accordingly, the uppermost semiconductor layer 
Is preferably a Si layer having a great band gap. Thus, 
the technology of forming a contact metallic layer after a 
semiconductor layer has been removed as dona in the 
fourth embodiment, is particularly suitable for forming a 

ss Si heterojunetion MOS device. 

In foe fourth embodiment, there is taken, as a rep- 

4o reseniHtive example, a channel structure using a heter- 
ojunetion of Si and SiGe. The invention in which 
contacts low in resistance are formed in source-drain 
regions of an HCMOS device, is not limited to the fourth 
embodiment According to the invention, there may be 

is used a channel formed between Si and a heteroepitax- 
laf lamination layer having a structure other than the 
lamination structure of SiGe in the fourth embodiment. 
For example, there may be used a channel formed 
between Si and a mixed crystal semiconductor of Si,, x . 

ss yOs^Cy (0«xs1 . O^yst). To form a channel atfoe heisr- 
ointerface, two kinds of semiconductors different in 
band gap are always required. Accordingly, the forma- 
tion of such a contact layer low in resistance is effective. 
Fig. 13 is a section view of an HClvlOS device 

ss according to a fifth embodiment in which metallic con- 
tact layer's low in resistance are formed in the structure 
shown in Fig. 1 . 

As shown in Fig. 13, the HCMOS device of foe fifth 
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embodiment has source-drain contact W layers 25n, 
25p on SiGe iayers 1 5n, 15p, 

Likewise the fourth embodiment, the fifth embodi- 
ment has the following characteristic feature in addition 
to tie characteristic features of the first errfecdiment. 
That is, the fifth embodiment comprises channel 
regions, source-drain regions and source-drain contact 
layers. The cbannei regions comprise a first semicon- 
ductor layer including a St^Qe^ layer (0£s£1, 
Osyst), a second semiconductor layer different in band 
gap from the first semiconductor iayer, anci a carrier 
accumulation layer farmed in the vicinity of the interface 
between the first and second semiconductor layers. The 
source-drain regions comprise a third semiconductor 
layer and a fourth semiconductor layer greater in band 
gap than the third semiconductor layer The source- 
drain contact iayers are made of conductive iayers 
which are low in resistance and which are formed imme- 
diately above the third semiconductor layer 

In the NfMOS transistor in the fifth embodiment, a 
SiGeC layer 14n serves as tie first semiconductor iayer 
including a Sh^GSxCy iayer (Osxsi. GsyS-1). a Si 
iayer 13n serves as the second semiconductor iayer, 
the SiGe layer I5n serves as the third semiconductor 
iayer, a Si layer 17n serves as the fourth semiconductor 
iayer greater in band gap than the SiGe iayer 1 5n, and 
the source-drain contact W layer 25n is formed immedi- 
ately above the SiGe iayer 1 5n serving as the third sem- 
iconductor iayer. 

In the FMOS transistor of the fifth embodiment, the 
SiGe layer 15p serves as the first semiconductor iayer 
(y=0) including a Si^ y O& x C y iayer (Osxsf, 0*y*1) 
and also as the third semiconductor layer, a Si iayer 1 7p 
serves as the second semiconductor iayer and also as 
the fourth semiconductor layer greater in band gap than 
the third semiconductor iayer, and a source-drain con- 
tact W layer 25p is formed Immediateiy above the SiGe 
iayer I5p serving as the third semiconductor layer. 

As discussed in the foregoing, this embodiment is 
arranged such that those regions (source-drain contact 
W layers 25n, 25p) of the substrate which come in con- 
tact with the Al source-drain electrodes 2 In, 21 p. are 
formed in a semiconductor layer which is smaiier In 
band gap out of the semiconductor layers for forming a 
channel. This reduces the contact resistance as com- 
pared with the arrangement in which the contacts are 
formed immediately above the uppermost Si layers 17n, 
1 7p. Thus, the device can be operated at a high speed 
with Sower power consumption, 

in particular, the source-drain contact W layers 25n. 
25p made of tungsten {WJ are so formed as to come in 
contact with the SiGe layers 15n, 15p. Thus, the source- 
drain contact W iayers 25n, 25p are extremely tow in 
contact resistance. 

That is, the fifth embodiment can be arranged to 
Iowa' the contact resistance, yet producing the effects 
produced by the first embodiment. 



Sixth Embodiment 

Rg. 14 is a section view of an HCMOS device 
according to a sixth embodiment in which metaiiic eon- 

s fact layers low in resistance are formed in the structure 
shown in Fig. 8, 

As shown in Fig. 14, the HCMOS device has 
source-drain contact W iayers 4Sn, 4Sp on SiGe iayers 
3Sn, 36p which are quantum wel! regions. 

to Likewise the fourth embodiment, the sixth embodi- 
ment has the following characteristic feature in addition 
to the characteristic features of the third embodiment. 
That is;, the sixth embodiment comprises channel 
regions, source-drain regions and source-drain contact 

55 layers. The channel regions comprise a first semicon- 
ductor iayer including a % x ..,Ge, : C y layer (0$x£1, 
Osysl), a second semiconductor layer different in band 
gap from the first semiconductor layer, and a carrier 
accumulation layer formed in the vicinity o! the interface 

so between the first and second semiconductor iayers. The 
source-drain regions comprise a third semiconductor 
iayer and a fourth semiconductor layer greater in band 
gap than the third semiconductor iayer. The source- 
drain contact layers are made of conductive iayers 

25 which are iow in resistance and which are formed imme- 
diately above trie third semiconductor layer. 

In the NMOS transistor in the sixth embodiment, a 
SfGeC fayer 34n which is a quantum weil region, serves 
as the first semiconductor iayer including a Sh^yGe^Cy 

30 layer (Osxsl, Ossysi), a first Si layer 33n serves as the 
second semiconductor layer, the SiGe iayer 36n which 
is a quantum well region serves as the third semicon- 
ductor iayer. a third Si layer 37n serves as the fourth 
semiconductor iayer greater in band gap than the SiGe 

ss layer 36n, and the source-drain contact W iayer 45n is 
formed immediateiy above the SiGe iayer 36n serving 
as the third semiconductor iayer. 

In the PMOS transistor of the sixth embodiment, a 
SiGe layer 38p serves as the first semiconductor layer 

4c> (y*ty including a Sh.^GexC,,. layer (Osxsi. 0%s-i} 
and also as the third semiconductor iayer, a thiid Si 
fayer 37p serves as the second semiconductor layer 
and also as the fourth semiconductor iayer greater In 
band gap than the third semiconductor layer, and a 

*s source-drain contact W layer 45p is formed immediately 
above the SiGe layer 36p serving as the third semicon- 
ductor iayer. 

As discussed in the foregoing, the sixth embodi- 
ment is arranged such that those regions (source-drain 

so contact W layers 45n. 45p) of the substrate which come 
in contact with the Al source-dia n elect xies 41n, 41p, 
are formed in a semiconductor layer which is smaiier in 
band gap out of the semiconductor iayers for forming a 
channel This reduces the contact resistance as com- 

ss pared with the arrangement in which the contacts are 
formed immediately above the Si iayers 37n. 3?p which 
are the uppermost semiconductor iayers. Thus, the 
device can be operated at a high speed with iower 
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power consumption. 

In particular, the source-drain contact W layers 45n, 
45p mads of tungsten {W} are so formed as to come in 
contact with the SiGe layers 38n, 36p. Thus, the source- 
drain contact W tayers 45o, 45p are extremely low in 
contact resistance. 

That is, the sixth entailment can be arranged to 
lower the contact resistance, yet producing the effects 
produced: by the third embodiment. 

QiteMod.^ 

in each of the first to sixth embodiments, the 
description has been made of a MOS field-effect tran- 
sistor unit having a gate insulating iayer beiow a gate 
electrode. However, the present invention is not limited 
to such enrolments. In particular. afieid-effeet transis- 
tor unit using a Heterointerface instead of a heterojunc- 
tion MOS structure having an insulating layer at the 
uppermost layer, can form even a device which does not 
use an instating layer but uses a Schotlky junction. 
This enables the resistance to be towered and is advan- 
tageous in view of a high-speed operation with low 
power consumption. 

in each of the first to sixth embodiments, the 8 
doped layers are formed. However, the present inven- 
tion is not limited to such art arrangement. That is, the 
effects of the present invention can be produced with 
the use of no 5 doped layers. Even though the 6 doped 
layers are formed, spacer layers are not necessarily 
required. 

A SiGeC layer containing a trace amount of C may 
be formed instead of each of the SiGe layers in the first, 
second, third, fifth and sixth embodiments. 

In each of the first, second, third, fifth and sixth 
eirtoodiments. the SiGeC layers may be disposed 
above the SiGe layers. In such an arrangement the 
source-drain contact W iayers may be formed immedi- 
ately above the SiGeC layers in the source-drain 
regions. 

Claims 

1. A semiconductor device comprising a field-effect 
transistor which is formed on a portion of a semi- 
conductor substrate and which comprises a gate 
etectrode, source-drain regions and a channet 
region between said source-drain regions, 

said channel region comprises: 

a Si iayer ; 

a Si^yGexCv iayer (Qsxsl . 0<ysl) which 
is formed as coming in contact with said Si 
layer and io which the composition rate y of 
C is in the range from 0.01 to 0.03; and 
a carrier accumulation layer formed in that 
portion of said Si 1 ^. i ,Ge !( Gy iayer which is 



adjacent to said Si layer. 

2. A semiconductor device according to Claim 1, 
wherein the composition rates of the respective ete- 

s ment t said Si C y layer a ed such 

that said Si^Ge^Cy iayer and said Si layer are fit- 
ted in lattice for each other. 

3. A semiconductor device according to Claim 1, 
10 wherein said Sit.^GexOy layer has a lattice con- 
stant smaller than that of said St iayer and has such 
a thickness as not to induce lattice relaxation. 

4. A semiconductor device according to Oaim 1 , fur- 
is ther comprising a MOS transistor which is formed 

on said semiconductor substrate and in which a 
semiconductor iayer formed of a single element 
serves as a channel region. 

26 5, A semiconductor device according to Claim 1, 
wherein carriers accumulated in said carrier accu- 
mulation layer are negative. 

6, A semiconductor device according to Claim i, 
26 wherein a carrier supply layer for supplying carriers 
to said carrier accumuiation layer is for med in that 
portion of said Si layer which is adjacent to said Si j . 
x , y Ge x C ¥ layer. 

30 7, A semiconductor device according to Claim 1, 
wherein: 

carriers accumulated in said carrier accumula- 
tion fayer are negative; 



35 there is formed another field-effect transistor 

which ts formed on other portion of said semi- 
conductor substrate and which comprises a 
gate electrode, source-drain regions and a 
ehannei region between said source-drain 

4o regions; and 

said channel region of said another fieid-effect 
transistor comprises: 

a second Si layer; 

a SiGe layer formed adjacent to said sec- 
ond Si layer; and 

a second carrier accumulation iayer for 
accumulating positive carriers, which is 
formed in that portion of said SiGe layer 
55 adjacent to said second Si iayer. 

8. A semiconductor device according to Claim 1, 
wherein said S . Ge I , , layer ts a quantum wett 
region. 

ss 

9, A semiconductor device according to Claim ?, 
wherein said SiGe layer is a quantum well region. 
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10. A semiconductor device according to Claim 1, 
wherein: 

each of said source-drain regions comprises a 
first semiconductor layer and a second semi- 
conductor iayer greater in band gap than said 
first semiconductor layer; and 
there is further formed a source-drain contact 
layer which is made of a conductive layer iow in 
resistance and which is formed immediately 
above said: first semiconductor iayer. 

11. A semiconductor device comprising a fiefd-effect 
transistor which is formed on a portion of a semi- 
conductor substrate and which comprises a gate 
eiectrode, source-drain regions and a channel 
region between said source-drain regions, 

said channel region comprises: 

a first Si layer; 

afirst St^yGejfCy layer (Qsxsl , 0<ys1) which 
is formed as coming in contact with said firs! Si 
iayer; 

a second Si layer; 

a second Si,. x _ y Ge x C y iayer {Gsx*1. 0$y£1) 
which is formed as coming in contact with said 
second Si iayer and which is different in band 
gap from said first Bh.^Gs^ iayer; and 
first and second carrier accumulation layers for 
respectively confining different conductive car- 
riers, said first and second carrier accumuiatJon 
layers being respectively formed in that portion 
of said first St 1 . x .,.Ge x C y layer which is adjacent 
to said f irst Si layer and in that portion of said 
second Si^Ge^C^ iayer which is adjacent to 
said second Si layer, 

12. A semiconductor device according to Claim if, 
wherein the composition rate y of C in said second 
&i. x . y Oe x Cy layer is equal to 0. 

1 3. A semiconductor device according to Claim 1 1 , fur- 
ther comprising a MOS transistor which is formed 
on said semiconductor substrate and in which a 
semiconductor layer formed of a single element 
serves as a channel region. 

14. A semiconductor device according to Claim 11, 
wherein the composition rate y of C in said first Si-j. 
x , y 6e x Cy iayer is in the range from 0,01 to 0.03, 

15. A semiconductor device according to Claim 11, 
wherein the composition rates of the respective ele- 
ments in said first Si^^Ga^ layer are adjusted 
such that said first Si,. x . y Ge x C y iayer and said first 
Si iayer are fitted in lattice for each other. 

16. A semiconductor device according to Claim 11, 



\C } ayer has a iattiee 
constant smaller than ti of saW first St layer and 
has such a thickness as to induce no lattice relaxa- 
tion, 

s 

17. A semiconductor device according to Claim 11, 
wherein the carriers to be accumulated in said first 
carrier accumulation iayer are negative, and the 
carriers to be accumulated in said second carrier 

to accumulation layer are positive, 

18. A semiconductor device according to Claim 11, 
wherein a carrier supply iayer for supplying carriers 
to said first carrier accumulation layer is formed in 

55 that portion of said first Si iayer which is adjacent to 
said first Si, .H-yO^Cy layer. 

19. A semiconductor device according to Claim 11, 
wherein at least one of said first and second Sh-* 

sc y Ge x Cj, layer is a quantum we!! region, 

20. A semiconductor device according to Claim 11, fur- 
ther comprising a source-drain contact layer which 
is made of a conductive layer, which is tow in resist- 

25 ance and which is formed immediately above said 
first or second Si;. x . y Ge x C i( iayer whichever is the 
upper. 

21. A semiconductor device comprising at ieast one 
30 field-effect transistor formed on a semiconductor 

substrate, said field-effect transistor comprising: 

a channel region comprising a first semicon- 
ductor layer including a Si- x >Ge,C y layer 

35 (Qsx.sl , Osysl), a second semiconductor layer 

different in band gap from said first semicon- 
ductor layer, and a carrier accumulation layer 
formed in the vicinity of the interface between 
said first and second semiconductor layers; 

4o a source-drain region comprising : a third semi- 

conductor iayer and a fourth semiconductor 
layer greater in band gap than said third semi- 
conductor iayer; and 

a source-drain contact layer which is made of a 
*s conductive layer, which is low in resistance and 

which is formed immediately above said thiid 
semiconductor layer. 

22. A semiconductor device according to Claim 21, 
so wherein; 

said first semiconductor layer- also serves as 
said third semiconductor iayer; 
said second semiconductor iayer also serves 
ss as said fourth semiconductor iayer ; and 

said second semiconductor layer is formed on 
said first semiconductor layer. 
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23. A semiconductor device according to Claim 21, 

whereat 

said first and third semiconductor layers are 
respectively formed by different semiconductor 
layers; 

said third semiconductor layer is formed on 
said first semiconductor layer ; and 
said fourth semiconductor layer is formed on 
said third semiconductor layer. 

24. A method of producing a semiconductor device 
including an n-channel field-effect transistor and a 
p-channel field-effect transistor, comprising: 

a first step of forming, on a semiconductor sub- 
strate, a first Si layer and a first Si,, x , y Ge*G, 
layer (Osxst, G<y«1) which comes in contact 
with said first Si layer and In whioh a first carrier 
accumulation lay er serving as a channel of said 
n-channei field-effect transistor Is formed in 
that portion of said first Sii„ x -yGe x Cy layer 
which is adjacent to said first Si layer; 
a second step of forming, on said semiconduc- 
tor substrate, a second Si layer and a second 
Si^K.yQexCy layer f,0.«x.«1, Osysi) which 
comes in contact with said second Si layer, 
which is different in band gap from said first Sl-| . 
x.yGSjfCy layer and in which a second carrier 
accumulation layer serving as a channel of said 
p-channef field-effect transistor is formed in 
that portion of said second Sii. x . )i Ge >: C y layer 
which is adjacent to said second Si layer: 
a third step of depositing a conductive layer on 
said first or second Si^. x . y Ge K C y layer which- 
ever is the upper, and patterning said conduc- 
tive layer to form the gate electrodes of said n- 
and p-channel field-effect transistors; and 
a fourth step of introducing, with said gate elec- 
trodes of said field-effect transistors used as 
masks, (i) n-iype impurity into the n-channei 
field-effect transistor forming region in depth 
which reaches at least said first carrier accu- 
mulation layer and {ii) p-type impurity into the p- 
channe! field-effect transistor forming region in 
depth which reaches at least said second car- 
rier accumulation layer, thus forming source- 
drain regions of said n- and p-channel field- 
effect transistors. 



transistor, said method comprising: 

a first step of successively forming, on a field- 
effect transistor forming region of a semicon- 

$ ductor substrate, a third semiconductor layer 

and a fourth semiconductor layer gi eater in 
band gap than said third semiconductor layer; 
a second step of depositing a conductive layer 
on said fourth semiconductor layer and pattern- 

10 fog said conductive iayer to form a gate elec- 

trode; 

a third step of introducing impurity into those 
portions of said field-effect transistor forming 
region which are located at both lateral sides of 
is said gate electrode, thus forming source-drain 

regions, said impurity being introduced in depth 
which reaches at least said carrier accumula- 
tion layer; 

a fourth step of etching said fourth semicon- 
za ductor layer in said source-drain regions until at 

least said third semiconductor iayer Is exposed; 
and 

a fifth step of forming, on the exposed surface 
of said third semiconductor iayer, source-drain 
2s contact layers made of conductive layers low in 

resistance. 

26. A semiconductor device producing method accord- 
ing to Claim 25. wherein said first step is executed 
30 such that said first semiconductor layer also serves 
as said third semiconductor layer and that said sec- 
ond semiconductor layer also serves as said fourth 
semiconductor layer. 

ss 27. A semiconductor device producing method accord- 
ing to Claim 25, further comprising, prior to said first 
step, a step of forming said first and second semi- 
conductor layers, said first step being executed 
such that said third semiconductor layer is formed 

4o on said first semiconductor layer, 

28. A semiconductor device producing method accord- 
ing to Claim 25, wherein said fourth step is exe- 
cuted under etching conditions in which the etching 
is selectivity for the third and fourth semiconductor 
layers is high. 



25. A method of producing a semiconductor device 
which has a first semiconductor layer including a 
Sivx- v Q%C y layer (Os.xsi, Osysl), a second semi- 
conductor iayer different in band gap from said first 
semiconductor layer and a carrier accumulation ss 
layer serving as a channel ta med in the vicinity of 
the Interface between said first and second semi- 
conductor layers, and which serves as a field-effect 
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